The evolutionarily conserved 12-subunit RNA polymerase II (Pol II) is a central catalytic component that drives RNA synthesis during the transcription cycle that consists of transcription initiation, elongation, and termination. A diverse set of general transcription factors, including a multifunctional TFIIF, govern Pol II selectivity, kinetic properties, and transcription coupling with posttranscriptional processes. Here, we show that TFIIF of Arabidopsis (Arabidopsis thaliana) resembles the metazoan complex that is composed of the TFIIFa and TFIIFb polypeptides. Arabidopsis has two TFIIFb subunits, of which TFIIFb1/MAN1 is essential and TFIIFb2/ MAN2 is not. In the partial loss-of-function mutant allele man1-1, the winged helix domain of Arabidopsis TFIIFb1/MAN1 was dispensable for plant viability, whereas the cellular organization of the shoot and root apical meristems were abnormal. Forward genetic screening identified an epistatic interaction between the largest Pol II subunit nrpb1-A325V variant and the man1-1 mutation. The suppression of the man1-1 mutant developmental defects by a mutation in Pol II suggests a link between TFIIF functions in Arabidopsis transcription cycle and the maintenance of cellular organization in the shoot and root apical meristems.
INTRODUCTION
One of the most important steps in control of cell division and differentiation is accurate and regulated transcription that is carried out by the RNA polymerase (Pol) enzymes. The evolutionary conserved, 12-subunit plant Pol II is responsible for the expression of nuclear protein-coding genes, and several classes of noncoding RNAs (Ream et al., 2009; Wang et al., 2014) . In vitro reconstitution experiments with a subset of exemplary TATA-box-containing promoters showed that to initiate promoter-dependent transcription, Pol II requires other protein complexes known as general transcription factors (GTFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH (Woychik and Hampsey, 2002; Thomas and Chiang, 2006) . TFIIF has been identified as a complex that copurified with Pol II (Sopta et al., 1985) . The budding yeast (Saccharomyces cerevisiae) TFIIF is assembled from three subunits of which only TFIIFa/TFG1 and TFIIFb/TFG2 are essential for cell survival (Henry et al., 1994) . The metazoan TFIIF is composed of large TFIIFa/RAP74 and small TFIIFb/RAP30 subunits (Thomas and Chiang, 2006) . The N-termini of a and b subunits form a dimerization domain (Gaiser et al., TFIIF has multiple functions during Pol II transcription cycle. The earliest, regulated step in the transcription initiation process is the assembly of the 2 MDa transcription preinitiation complex (PIC) that comprises core promoter DNA, Pol II and GTFs. TFIIF facilitates Pol II incorporation into the PIC; stabilizes TFIIB ( Cabart et al., 2011; Fishburn and Hahn, 2012) ; and is required for the subsequent recruitment of TFIIE and TFIIH (Murakami et al., 2015; Sainsbury et al., 2015) . The TFIIFb WH domain contacts promoter DNA downstream from the TATA-box, contributing to the nucleoprotein complex formed by TFIID, TFIIA and TFIIB that remodels and positions core promoter over the Pol II cleft (He et al., 2013; Murakami et al., 2015) . In addition, TFIIF has been implicated in a Mediator-dependent Pol II recruitment to promoters (Bernecky et al., 2011) .
Transition of the PIC into the 'open' promoter complex, which could be a regulatory step as well (Gr€ unberg and Hahn, 2013) , involves promoter DNA melting, i.e. transcription 'bubble' formation, and insertion of singlestranded DNA into the Pol II-active center (Fishburn et al., 2015) . The DNA unwinding continues, extending the bubble by the downstream edge, whilst Pol II scans for and selects transcription start sites (TSS) (Gr€ unberg and Hahn, 2013) . TFIIF stimulates the opening and extension of the transcription bubble (Sainsbury et al., 2015) ; cooperates with TFIIB and Pol II in TSS selection (Freire-Picos et al., 2005; Fishburn and Hahn, 2012) and enhances the efficiency of the initial RNA synthesis steps (Khaperskyy et al., 2008) . In yeast, deletions or point mutations in the TFIIF dimerization domain and TFIIFb/TFG2 WH domain often result in altered utilization of TSS both in vitro, and in vivo (Ghazy et al., 2004; Freire-Picos et al., 2005; Eichner et al., 2010) .
In vitro, TFIIF stimulates overall transcription rates (Sims et al., 2004) , reduces the lifetime of transcriptional pauses, increases the processivity of Pol II through the nucleosomal barrier (Ishibashi et al., 2014; Schweikhard et al., 2014) , and the lesion-bypass on oxidatively damaged DNA (Walmacq et al., 2015) . Thus, TFIIF is thought to represent an active transcription elongation factor, which does not remain associated with the transcribing Pol II in vivo (Sims et al., 2004) . The final steps of the transcription cycle, transcription termination and mRNA 3 0 end formation, could require TFIIF at least in budding yeast (Kubicek et al., 2013) . Here, we identified the Arabidopsis protein complex that resembles the metazoan TFIIF. Whereas TFIIF appears to be essential in Arabidopsis, the WH domain of the TFIIFb homolog MAN1 was found to be dispensable for plant viability, but critical for the meristem maintenance. Forward genetic screening identified a single amino acid residue substitution in the largest Pol II subunit NRPB1 as an extragenic suppressor of the growth defects of the man1-1 mutant, indicating a compensatory mutation in Pol II that is likely to restore transcription cycle alterations caused by the deletion in WH domain. The results suggest a cell type specific role for TFIIF in control of plant cell division and differentiation.
RESULTS

A mutation in the MANNEKE gene leads to fasciation phenotype
Fasciation phenotype is associated with shoot apical meristem (SAM) enlargement and describes developmental abnormalities in the shoot system that include distortions in phyllotaxy and broadening, flattening and bifurcation of the stem. Genetic screenings for the fasciation mutants identified CLAVATA1(CLV1), FASCIATA1 (FAS1) and FAS-CIATA2 (FAS2) (Leyser and Furner, 1992) that are components of a complex genetic network that controls SAM size (Brand et al., 2000; Schoof et al., 2000; Kaya et al., 2001) . To identify new genes involved in plant meristem function, we screened for the fasciation phenotype in a collection of Arabidopsis lines generated with exon-trap vectors (Babiychuk et al., 1997) . Line SL12A3 was segregating mutant plants exhibiting meristem-related phenotypes, including fasciation and bifurcation of the inflorescence stems (Figure 1a,b ). Fasciated inflorescence stems had irregular positioning of cauline leaves and flowers that were often crowded ( Figure 1c ). The SL12A3 line was backcrossed six times into the C24 accession parental background and the trait was found to act as a single recessive nuclear mutation that we termed manneke ('little chap' in Dutch), i.e. man1-1 allele. For comparative purposes, the man1-1 mutation was also introgressed by six backcrosses into the Columbia (Col) genetic background. Manneke mutant plants were smaller than wild type and developed abnormally shaped, often lanceolate and/or asymmetric leaves (Figure 1d ,e,h). Unlike wild type SAM that is hidden by the developing leaves, the mutant SAM was visible under small magnification or to the naked eye (Figures 1f-i and S1).
Fasciation involves the breakdown in SAM structure (Leyser and Furner, 1992; Medford et al., 1992; Laufs et al., 1998) . Clonally distinct cell layers L1 and L2 that characterize wild type SAM in Arabidopsis were irregular in the man1-1 SAM (Figure 2a ). An increase in the stem cell numbers is one possible mechanism that can lead to an increase in meristem size (Mandel et al., 2014) . The negative-feedback loop comprising a transcription factor WUSCHEL (WUS) and the CLAVATA (CLV) ligand-receptor system controls and stabilizes the size of the stem cell pool in SAM (Brand et al., 2000; Schoof et al., 2000) . We found that the expression domains of the reporters of stem cells, CLAVATA3 pro :GUS, and of stem cell niche (SCN) organizing center (OC), WUSCHEL pro :GUS, were expanded in the mutant ( Figure 2b and Table S4 ), indicating that the manneke SAM could have an enlarged pool of stem cells.
The manneke mutation disrupts root meristem development
To characterize mutant root system, we analyzed plants grown in vitro. At 15 days after germination (dag), the primary roots of the man1-1 plants were five times shorter than wild type (Figure 6d ). Arabidopsis root growth accelerates after seed germination, which correlates with increasing root apical meristem (RAM) size that stabilizes at 5-6 dag (Ubeda-Tom as et al., 2009). To measure meristem size in the mutant, we analyzed cortical cell files in the cell division/proliferation zone at 3 and 7 dag (Figure 3a) . Unlike wild type meristems that increased in size, the mutant RAMs decreased in size and were twice smaller (P < 0.01, n > 25) than wild type at 7 dag (Figure 3b,c) . The results suggested a reduction of cell proliferation activity in the proximal meristem that could contribute to the root growth retardation in the mutant. To determine whether the smaller mutant RAM size correlated with structural changes, we analyzed RAM cellular organization by semi-thin longitudinal sectioning (Figure 4a ). In the proximal meristem, the cell file system of stele was irregular both in the 3 dag and 10 dag mutant seedlings. The mutant root cap at 10 dag was composed of a mass of small cells with unclear identity, instead of the standard, organized in tiers columella cells (CC) in wild type roots (Figure 4a ). Because wild type CC differentiate without cell divisions (Pi et al., 2015) , the results suggested a malfunction of the manneke SCN.
To understand the SCN organization in the mutant, we first focused on the QC, which is thought to function as a root SCN OC that generates signals to maintain the stem cells in undifferentiated state (van den Berg et al., 1997; Petricka et al., 2012) . SHORT ROOT (SHR)/SCARECROW (SCR) pathway specifies the identity of the QC, of the cortex/endodermal stem cell initials and their descendent cortex and endodermal cell layers (Sabatini et al., 2003; Petricka et al., 2012) . GFP in enhancer trap line J0571 is specifically expressed in the QC and cortex/endodermis (Zhang et al., 2015) . In the mutant roots, the cortex/endodermal cell layers were present, suggesting that the SHR/ SCR pathway is functional. However, the arrangement of the most rootward GFP-positive cells in the region of the presumed QC was abnormal (Figure 4b ), indicating structural changes in the man1-1 QC.
The QC expresses WUSCHEL-RELATED HOMEOBOX 5 (WOX5) (Sarkar et al., 2007) . In the analyzed median optical sections of the wild type roots at 3, 5 and 7 dag, WOX5 pro : GFP expressing cells (3.1 AE 0.146 [SEM] , n > 20) were arranged in a single layer that was oriented perpendicular Figure 2 . manneke shoot meristems have abnormal structure and expanded expression of the stem cell niche reporters. (a) Transversal sections of shoot apical meristems of the 1-week-old wild type (MAN1) and mutant (man1-1) plants. The L1 and L2 cell layers were false colored in the same, equally magnified images. The L1 and L2 cell layers were irregular in the mutant and were interrupted by an emerging structure that could be an ectopic leaf primordia (white arrow). Scale bar = 50 lm. (b) Expression of the CLAVATA3 pro :GUS (CLV3: GUS) and WUSCHEL pro :GUS (WUS:GUS) in the shoot meristems. The expression domains were expanded in the mutant.
to the root main axis, both on Col and C24 genetic backgrounds. In the mutant, the WOX5 pro :GFP identified amorphous groups of cells (Figure 4c,d ). On Col genetic background, the pool of mutant GFP-positive cells increased from four cells at 3 dag to 9.18 AE 0.58 [SEM] cells at 7 dag (P < 0.01; n = 20), as compared with the wild type. The increase in the GFP-positive mutant cell numbers was smaller on C24 than on Col background at 7 dag (5.3 AE 0.33 cells), suggesting genetic modifiers of the mutant phenotype. The results showed structural changes in the QC, which might affect WOX5 signaling in the mutant.
The WOX5 protein moves from the QC into the columella stem cells (CSC) maintaining their undifferentiated state (Pi et al., 2015) . To follow the CSC behavior in the mutant, we analyzed the cell identity using GFP-enhancer trap line J2341 (Laplaze et al., 2005; Pi et al., 2015) . CSC form a single cell layer that is in a direct contact with the QC (Dolan et al., 1993) . The J2341 enhancer :GFP was mainly expressed in a single cell layer rootward from the QC in the wild type C24 roots at 3, 5 and 7 dag ( Figure 4e ). Weaker J2341 enhancer :GFP expression was observed in a few cells of the wild type proximal meristems, see a 7 dag MAN1 root in Figure 4 (e), for example. In a time course of 3, 5 and 7 dag, the manneke J2341 enhancer :GFP expression domain was expanding, whereas the cell layer organization was lost ( Figure 4e ). Temporal correlation (e) Expression patterns of the J2341 enhancer :GFP. In C24 wild type, the J2341 enhancer :GFP is mainly expressed in the CSC, a single cell layer that abuts the QC rootward. Weak expression was also detected some cells of wild type proximal meristem at 7 dag. The expression of the marker was displaced into the mutant root cap, visualizing disorganized dividing cells that in the 7 dag mutant root are pointed with a white bracket.
(f) Starch grains in the mPS-PI-stained root meristems. In wild type roots, arrowheads indicate starch-grain-containing columella cells arranged in tiers, a structural organization that deteriorate in the mutant. The bracket points a population of small, roundish, starch-grain-less cells. White dots in (b) to (e) mark the whole-cell PI staining indicative of cell death. Scale bars = 20 lm in (b) to (f).
To characterize differentiation state of the cells in the root cap, we analyzed accumulation of starch-grain-containing amyloplasts, which is a standard cytological marker of CC differentiation (Pi et al., 2015) . In Arabidopsis C24 wild type, mPS-PI (propidium iodide) staining showed four tiers of the starch-grain containing root cap CC (Figure 4f ). The CC tier structure was already perturbed in the manneke seedlings at 3 dag. At 7 dag, the starch-grain-less cells appeared in the middle region of the mutant root cap. The irregularly oriented cell walls separated these undifferentiated cells (Figure 4f ). Ectopic expression of WOX5 leads to formation of the starchless supernumerary cells in the columella root cap, which are similar to the undifferentiated CSC (Sarkar et al., 2007; Pi et al., 2015) . We concluded that the starchless, J2341 enhancer :GFP expressing manneke cells within the root cap could represent a CSC-like population of undifferentiated cells.
Cell death in the manneke root meristem correlates with activation of the DNA damage response
In the analysis of GFP expression patterns, we routinely used propidium iodide (PI) that stains the walls of alive plant cells. The PI dye is also used as a marker for loss of membrane integrity and cell death (Truernit and Haseloff, 2008) . All analyzed manneke root meristems (more than 300) had intensely PI-stained cells (Figure 4b-e) . Many PI-stained cells were adjacent to the WOX5 pro :GFP expressing cells, indicating death of the stele stem cell initials (Figure 4c,d) .
Arabidopsis meristematic cells are prone to death induced by the double-strand DNA break (DSB) and UV-B light (Fulcher and Sablowski, 2009; Furukawa et al., 2010) . Common consequence of DNA damage in plants is transcriptional activation of genes with a role in DNA repair or cell cycle progression (Furukawa et al., 2010) . We analyzed expression of the reporters of the poly(ADP-ribose) polymerase APP (Babiychuk et al., 1998) and the cell cycle checkpoint control kinase WEE1 (De Schutter et al., 2007) . Both the DNA damage, and the checkpoint regulator kinase reporters were activated in the manneke meristems ( Figure S2 ).
The activated DNA damage response could have been a consequence of a disruption in cellular homeostasis that caused increased rates of damage both to DNA, and other macromolecules. Abiotic stresses, such as heat, osmotic and oxidative stresses, result in destabilization of proteins, nucleic acids and membranes. Hence, it was possible that the man1-1 mutant plants had a constitutive activation of abiotic stress responses. To test this possibility, we analyzed expression of three genes that are induced by heat, osmotic stress and photooxidative injury. In untreated plants, the steady-state levels of the analyzed transcripts were similar between the mutant and wild type ( Figure S3 ), arguing against increased cellular damage in the mutant differentiated tissues. Moreover, the mutant plants responded to the tested abiotic stresses by activation of reporter genes, albeit with a slight delay ( Figure S3 ), suggesting a mild transcription defect.
The MANNEKE gene encodes an Arabidopsis homolog of the TFIIF b subunit
The transferred DNA (T-DNA) co-segregated with the manneke phenotype, indicating a T-DNA insertion allele. Rapid amplification of 5 0 cDNA ends by polymerase chain reaction, 5 0 RACE-PCR analysis, showed that the At1g75510 gene was affected in the manneke mutant ( Figure S4 ). 3 0 RACE-PCR analysis confirmed that the man1-1 gene allele is transcribed. The mutant transcript possessed the 3 0 -untranslated region (UTR) derived entirely from the T-DNA ( Figure S5 ), and encoded the man1Δ201-261 polypeptide in which 60 amino acid residues at the polypeptide carboxyl terminus were deleted. The At1g75510 protein is homologous to the b-subunits of the general transcription factor TFIIF from yeast and humans.
The deletion in man1-1 allele removed most of the predicted WH domain (Figure 5a ). In vitro Agrobacteriummediated root transformation of manneke mutants with the 35S pro :MAN1:nos artificial gene cassette restored development similar to wild type, i.e. normalized rosette size and leaf shape, eliminated shoot fasciation, normalized the length of shoots, size of siliques and seed set. Possible gain-of-function phenotypes in those transgenic lines were not investigated in this study. Whereas the yeast TFG2 WH and adjacent linker sequence were essential for yeast growth (Eichner et al., 2010) , our data showed that the WH domain of MAN1 is not critical for the plant cell viability. Next, we analyzed the second T-DNA insertion allele identified in the GABI-KAT collection (Kleinboelting et al., 2012) . The man1-2 allele was found to confer embryo lethality ( Figure S6 ). In the man1-1/man1-1 9 MAN1/man1-2 F1 progeny, plants with the manneke mutant phenotype were recovered, showing that the man1-1 and man1-2 are alleles of the same gene and that the man1-2 is stronger, possibly the null allele ( Figure S7 and Table S5 ). Data suggested that the MAN1 gene is essential for plant viability and that the MAN1 protein could be the key component of the putative plant TFIIF.
Sequence analysis indicates plant lineage-specific TFIIF functions
The budding yeast and human TFIIF complexes are composed of three and two subunits, respectively. The Arabidopsis genome codes for one single protein (At4g12610) homologous to the human TFIIFa/RAP74 and two proteins (At1g75510 and At3g52270) similar to TFIIFb/RAP30, which were hereafter referred to as MEN1, MAN1 and MAN2, respectively (Figure 5a ). There was no obvious homolog to the budding yeast TFIIF/TFG3 third subunit.
In contrast to the human and budding yeast TFIIFa, the sequence of the amino acid residues at the N terminus of Arabidopsis TFIIFa homolog matched a RING/U-box superfamily domain (Family zf-C3HC4_3, PF13920) that is often implicated in protein ubiquitination (Figure 5a ). The first evidence for the occurrence of the RING domain in the plant TFIIF has been found in the moss Physcomitrella patens, whereas no similar sequence could be detected in green algae Chlamydomonas reinhardtii and Volvox carterii. Thus, evolution of the RING domain-containing TFIIF may be associated with the origin of land plants. No insertion mutations within the coding region of MEN1 gene were reported in the public databases, therefore the null allele could be a gametophyte lethal.
The MAN1 and MAN2 belong to distinct subfamilies of the plant TFIIFb polypeptides. The N-terminal domains that presumably mediate hetero-dimerization with TFIIFa/ MEN1 showed the lowest sequence similarity (Figure 5a) . Interestingly, the MAN2 subfamily was characteristic of dicotyledonous species (Figure S8 ), suggesting neo- (a) Domain organization of the Arabidopsis TFIIF homologs and respective mutant alleles. In the TFIIFa/MEN1 homolog, the hetero-dimerization domain (RAP30) and the phosphatase FCP1-interacting winged helix (WH1 and WH2) domain are linked by the acidic region. The plant-specific cysteine-rich domain (RING) resemble the RING/U-box zinc finger (PFAM: zf-C3HC4_3, PF13920). Aligned RING domain sequences are from the moss Physcomitrella patens (Pp; accession XP_001751305.1); monocotyledonous maize, Zea mays (Zm; NP_001148823.1); dicotyledonous cacao, Theobroma cacao (Tc; EOY28869.1); and Arabidopsis thaliana (At; Q9SU25.1). Conserved cysteine and histidine amino acid residues are indicated with asterisks. In the TFIIFb1/MAN1 (At1g75510), the putative regions involved in protein-protein interaction with TFIIFa/MEN1 (RAP74), and the RNA polymerase II (POL II) are shown. The viable Arabidopsis mutant manneke characterized in this study expresses the C-terminally truncated polypeptide (man1-1), which affects the DNA-binding WH domain ( Figure S5 ). Other WH domain sequences are from budding yeast (TFG2; CAA96988.1), human (RAP30; CAA42419.1), and Arabidopsis TFIIFb2/MAN2 (At3g52270). The inter-domain homology between TFIIFb1/MAN1 and TFIIFb2/MAN2 is indicated as a percentage of identity/similarity of amino acid residue sequences. The positions of the T-DNA insertions in the analyzed mutant alleles man2-1, man1-2, and man1-1 are shown. (b) Intracellular localization of fluorescent protein fusions. The GFP-coding region was fused in frame at the C-terminus of the full-length analyzed proteins. MAN1 1-261 -GFP, MAN2 1-269 -GFP, and MEN1 1-649 -GFP proteins were expressed with an artificial gene cassette controlled by the cauliflower mosaic virus 35S promoter in transiently transfected tobacco protoplasts. The merged images of GFP fluorescence (green) and chlorophyll auto-fluorescence (red) are presented. Scale bars = 10 lm. functionalization of TFIIFb in dicots. Analysis of gene expression in the public datasets (Winter et al., 2007) revealed that the MAN1 gene had relatively low constitutive expression throughout Arabidopsis development, and very low or absent expression in mature and germinating pollen. The MAN2 expression exceeded MAN1 expression only during pollen development pointing to a specific MAN2 protein function in gametophyte development (Table S1) . During vegetative development, MAN1 and MAN2 were coexpressed at very early stages of embryo development and in root procambial cells. A validated SALK collection (Alonso et al., 2003) T-DNA insertion in the MAN2 gene ( Figure S9 ) did not affect growth and development of the man2-1/man2-1 mutant plants. In this study, we did not succeed in selection of the double man1-1 man2-1 mutant (Figure S9) . It remains to be seen whether this result can be explained by non-viability of the double mutant gametophytes, or of the fertilized zygote.
Analysis of the protein fusions with GFP demonstrated that MAN1, and MEN1 are nucleus-localized proteins. MAN2-GFP was detected both in the nucleus and the cytosol (Figures 5b and S10 ). Dual localization of the MAN2-GFP fusion could be an artifact of overexpression from a strong 35S promoter. Nuclear localization of the protein-GFP fusions was consistent with the known TFIIF functions in transcription.
Thus, the results suggested that the putative Arabidopsis TFIIF complex might either have a different composition or an additional function owing to the TFIIFa RING domain and that the TFIIFb function could either be redundant or neo-functionalized in dicotyledonous plant species.
TFIIFa/MEN1 and TFIIFb1/MAN1 form stable protein complexes
To decipher the composition of the plant TFIIF complex, tandem affinity purification (TAP) was carried out with the 'baits' MEN1 1-649 -GS and MAN1 1-261 -GS, comprising fulllength proteins fused with the GS TAP tag at C-terminus (Van Leene et al., 2008 . Recombinant proteins were produced in Arabidopsis cell suspension cultures with the constitutively active heterologous 35S promoter (Van Leene et al., 2007) . Affinity purification analysis of the cells expressing MAN1 1-261 -GS showed an almost stoichiometric copurification of MEN1 with MAN1 1-261 -GS ( Figure S11 ). In a reverse TAP experiment, the MAN1 protein copurified with MEN1 1-649 -GS (Tables S2 and S3) .
The results of the bimolecular fluorescence complementation (BiFC) assays with the split enhanced yellow fluorescent protein (eYFP) (Welch et al., 2007) were consistent with in vivo hetero-dimerization between N-terminal (n) YFP-MEN1 and MAN1-C-terminal (c)YFP ( Figure S11 ). Although MAN2-specific peptides were not detected in TAP purifications from cell suspension cultures, in vivo hetero-dimerization between ectopically expressed nYFP-MEN1 and MAN2-cYFP was found ( Figure S11 ), indicating that two different TFIIF complexes could exist in some Arabidopsis cell types. The TAP and BiFC data demonstrated that the plant TFIIFa/MEN1 and TFIIFb1/MAN1 form a stable complex, resembling the TFIIF characterized in metazoans.
TFIIF complexes in metazoans and yeast are known to have a high affinity to Pol II. For instance, up to 50% of the budding yeast Pol II associates with TFIIF (Rani et al., 2004) , and Pol II-TFIIF complex could be purified from yeast after TAP and size exclusion chromatography . Accordingly, additional co-purifying polypeptides substoichiometric to MAN1 1-261 -GS were identified as the Pol II subunits NRPB1; NRPB2; NRPB7; NRPB9; NRPB8a/b, and NRPB11 (Tables S2 and S3 ). Specific subunits for Pol IV and V (Ream et al., 2009) were not detected within the mass spectrometry data sets. Thus, the data showed that a fraction of the plant TFIIF forms a complex with Pol II.
The amino acid residue substitution A325V in the largest Pol II subunit NRPB1 suppresses manneke mutant developmental abnormalities
To identify the man1-1 genetic interactions that could have major effect on plant development, we applied forward genetic screening approach. Reversion to wild type growth characteristics in a progeny of chemically mutagenized man1-1 plants was used as a screening marker. Screening of the M2 progeny from approximately 10 000 M1 plants resulted in identification of a recessive extragenic suppressor mutation f14. In the double mutant man1-1 f14 plants, the stem fasciation was not observed, leaves were shaped and positioned similar to wild type (Figure 6a ). The leaves of the man1-1 mutant plants were paler green, which could be explained by the lower amounts of the photosynthetic pigments, such as chlorophylls A (1.78-fold decrease, P = 0.004), chlorophyll B (1.9-fold, P = 0.004) and carotenoids (1.76-fold, P < 0.001) ( Figure S12 ). In this study, we did not find statistically significant differences in a photosynthetic pigment content between the man1-1 f14 and man1-1 ( Figure S12) . Conversely, the root lengths of the man1-1 f14 plants at 15 dag were intermediate between wild type and the man1-1 mutant (Figure 6b ), whereas the suppressor mutation improved the rate of lateral root initiation by more than 50-fold (Figure 6c ). The man1-1 f14 root meristems established at 9 dag were 1.6-fold larger (P < 0.01; n = 20) than man1-1 RAM, although yet smaller than wild type (Figure 7a-c) . Thus, the root growth improvement positively correlated with the enlargement of the man1-1 f14 meristems.
Next, we investigated whether f14-mediated root growth acceleration and RAM enlargement could be linked to structural changes in the root meristems. In the man1-1 f14 plants, the starch-grain-accumulating CC formed standard, wild type-like tiers ( Figure 7d) ; expression patterns of the WOX5 pro :GFP (Figure 8a ) and the J2341 enhancer :GFP (Figure 8b) were similar to wild type, whereas the meristematic cell death was reduced (Figure 8a,b) . The man1-1 f14 plants had 3 AE 0.33 (n = 8) WOX5 pro :GFP expressing cells, a value that in this study was not significantly different (P = 0.51) from wild type (3.25 AE 0.16; n = 8). We concluded that reversion towards canonical organization of the RAM most probably explains the improved man1-1 f14 root system growth.
Positional cloning and genetic complementation revealed that the extragenic suppression was due to a single amino acid residue substitution A325V in the largest Pol II subunit NRPB1. Therefore, the f14 allele was renamed nrpb1-A325V (Figures 9 and S13 and Table S5 ). The Arabidopsis NRPB1 Ala325 aligns to the evolutionarily conserved alanine residue, that in yeast (Ala314) locates in the interaction interface between Pol II and general transcription factor TFIIB (Cramer et al., 2001) (Figure 9b ). Numerous amino acid residue substitution mutations that result in transcription-related phenotypes have been isolated in the budding yeast Pol II Rpb1 subunit (Majovski et al., 2005; Braberg et al., 2013; Jin and Kaplan, 2015) . As relevant to the Pol II and TFIIF genetic interactions, the K332A and R344A mutations (Figure 9b ) in the Switch-II region of the Pol II-active center conferred conditional growth properties and downstream shifts in the TSS utilization (Majovski et al., 2005) . The tfg1-E346A mutation in the largest subunit of TFIIFa/TFG1 has been reported to cause upstream shifts in the start site utilization in vivo and in vitro (Ghazy et al., 2004) . Analysis of the growth properties and in vivo initiation patterns of single and double mutant strains demonstrated that the rpb1-K332A tfg1-E346A double mutant exhibited better growth than either the rpb1-K332A or tfg1-E346A single mutants and a partial suppression of the upstream shifts caused by tfg1-E346A (Majovski et al., 2005) . In addition, the rpb1-A349V mutation resulted in transcription kinetic-related phenotypes, such as mycophenolic acid sensitivity, indicating alterations in transcription elongation (Braberg et al., 2013) . Interestingly, transcription arrest-triggered ubiquitination (UBQ) of the yeast Pol II occurs at Rpb1 lysine K330 (Somesh et al., 2007) , which aligns to the K341 in the NRPB1 (Figure 9b ). The molecular genetics data of the yeast basal transcription machinery indicated that the nrpb1-A325V mutation most probably compensated for the transcription cycle defects caused by the WH deletion in the TFIIFb1/MAN1 protein, whereas the accuracy of TFIIFPol II-dependent transcription is critical for the plant meristem maintenance.
DISCUSSION
We show that the manneke mutation affects growth and development of the shoot and root systems. The cytological and cell identity marker analyses revealed a disruption of meristem organization in the man1-1 mutant. One (e) Primary root length. Root growth of wild type (MAN1), mutant (man1-1) and suppressed line man1-1 f14 (f14) plants was followed by the measurements of the primary root length during 15 days after germination (dag).
(f) Auxiliary root formation. The numbers of the adventitious roots emerging from hypocotyls (AR), roots developed at the hypocotyl-root junction (JR) and lateral roots (LR) were compared between three analyzed genotypes.
In (e) and (f), the error bars are standard deviation (100 plants of each genotype were analyzed in three experiments).
conspicuous deviation was cell death in the man1-1 RAM, indicating a genetic cell ablation. Physical ablation of meristem cells causes cell fate reprogramming and regeneration of the meristem structure (van den Berg et al., 1995 Berg et al., , 1997 Reinhardt et al., 2003) . It is plausible that a regenerative process counteracts the loss of cells in the manneke meristems. An indeterminate man1-1 genetic perturbation is likely to prevent the reestablishment of wild type meristem structure. Accordingly, we found that the WOX5 pro :GFP expression domain is progressively expanded in the mutant, indicating the loss of cell quiescence in the QC. Recent studies show that quiescence in the QC is required to sustain growth upon genotoxic stress, allowing the QC to act as a reservoir for replenishing stem cells after injury (Gaillochet and Lohmann, 2015) . The meristem cell death therefore is viewed as an output of a stem cell quality control mechanism that protects a plant from somatic genetic instability, which is a known consequence of biotic and abiotic stresses (Ranade et al., 2014; Santos et al., 2015) . The readout of the genetic lesions is the activity of the DDR pathway that in plants involves the transcriptional induction of genes with a role in DNA repair and genome stability maintenance (Don a and Mittelsten Scheid, 2015) . We show that APP pro :GUS and WEE1 pro :GUS reporters are activated in the manneke mutant, both in the shoot and the root meristems. In this study, we did not examine the incidence of cell death in the SAM, yet the activation of the DDR reporters and expanded CLV3 pro :GUS and WUS pro :GUS expression domains in the SAM are consistent with a mutant meristem regeneration scenario. The manneke root cap is characterized by the appearance of starchless, J2341 enhancer :GFP-positive cells that could represent the disorganized CSC-like population. An increase in the number of WOX5 pro :GFP-positive cells correlated with a degree of cellular proliferation in the root cap. However, it is unlikely that all CSC-like cells are in a direct contact with WOX5 pro :GFP expressing cells (Figure 4c-e) . The symplastic movement of WOX5 protein from the QC into CSCs is crucial for CSC maintenance (Pi et al., 2015) , whereas ectopic expression of WOX5 is sufficient to reprogram differentiated CC into the mitotically active cells similar to CSC (Bennett et al., 2014; Li et al., 2015) . In addition to the QC-expressed WOX5 homeodomain protein, the independent inputs from RETINOBLASTOMA-RELATED protein (RBR), the FEZ and SOMBRERO (SMB) NAC-domain transcription factors, the ARF10 and ARF16 auxin response factors regulate the number of CSC (Bennett et al., 2014) . The RBR, SMB and ARF10/ARF16 promote CC differentiation (Bennett et al., 2014) . Thus, two possible scenarios could explain the manneke root cap phenotype, either CC differentiation pathways are downregulated, and/or the mutant symplastic communication is permissive for the WOX5 protein trafficking throughout the root cap.
The man1-1 phenotype at the SAM is a typical fasciation coupled with increased cellularization, whereas RAM development disruption was accompanied by the reduced cell division in a proximal, shoot-ward meristem. Shoot fasciation and similar opposite effects on SAM and RAM organization and function are also caused by the mutations in genes implicated in chromatin/DNA replication, DNA repair and S-phase DNA-damage checkpoints of the cell cycle, genes such as FASCIATA1 and FASCIATA2 (Leyser and Furner, 1992; Kaya et al., 2001) , BRUSHY1 (Takeda et al., 2004) , TOPOISOMERASE1a (Zhang et al., 2016) . Cellular proliferation in a root cap domain is a contrasting feature of the man1-1 RAM that sets it apart from other described shoot fasciation-inducing mutants, in which accelerated differentiation of CSCs initials and the presumptive QC has been observed (e.g. Kaya et al., 2001; Zhang et al., 2016) . Mutations that affect both SAM and RAM are thought to represent lesions in genes required for the fundamental organization of the apical meristem (Kaya et al., 2001) . The basic SAM and RAM organization composed of a central region of quiescent or slowly dividing cells is similar, implying a homologous organization plan (Sarkar et al., 2007; Gaillochet and Lohmann, 2015) . In contrast with SAM however, Arabidopsis RAM organization appears to be more constrained by the radial patterning (Helariutta et al., 2000; Nakajima et al., 2001; Petricka et al., 2012) , which could limit lateral cellular proliferation.
The MANNEKE1 gene encodes a b subunit of the identified here TFIIF-like protein complex. The man1-1 is a partial loss-of-function allele characterized by the deletion in the WH domain of the essential TFIIFb1. Structural studies of the PICs assembled on TATA-box core promoters demonstrated that TFIIFb WH domain contacts promoter DNA next to the TFIIB DNA-binding sites (He et al., 2013; Murakami et al., 2015) , which is thought to explain how WH stabilizes the upstream promoter complex and TFIIB within the PIC ( Cabart et al., 2011; Fishburn and Hahn, 2012; Sainsbury et al., 2015) . Consistently with structural studies, the TFIIFb DNA-binding WH domain has been found to be essential for budding yeast viability (Eichner et al., 2010) . In this study, we used a candidate gene approach to analyze gene expression in the man1-1 mutant. The steady-state levels of the three endogenous stress-responsive genes were not affected by the mutation. Out of analyzed seven reporter genes, two were induced, i.e. APP pro :GUS and WEE1 pro :GUS, and five were either similar to wild type or had expanded expression domains. Thus, we did not find an evidence that WH domain deletion could abolish or greatly diminish gene expression in Arabidopsis. The recently uncovered diversity of both the metazoan PIC composition (Levine et al., 2014) , and the eukaryotic core promoters (Kadonaga, 2012) raise questions about the ubiquitous requirement of TFIIF for the expression of all Arabidopsis genes, of which only onefifth belongs to the canonical TATA-box type (Yamamoto et al., 2011; Kumari and Ware, 2013) .
We show that Pol II co-purifies with the stable complex composed of MAN1-TAP and endogenous MEN1 proteins. In human cells, the chromatin immunoprecipitation-tiling array (ChIP-Chip) data encompassing the genome showed that out of 21882 sites bound to TFIIF only 20% co-localize with Pol II, supporting a paradigm that in mammals the TFIIF and other GFTs may play other roles besides being accessory proteins for Pol II transcription initiation (Gelev et al., 2014) . In the manneke mutant model, we show that nrpb1-A325V suppresses the mutant phenotype caused by the TFIIFb1 WH deletion, strongly suggesting that a particular facet of the Pol II transcription cycle is primarily affected by the WH deletion, rather than a hypothetical other function(s). Future characterization of the man1-1 mutant transcriptome will be necessary to point out the transcription cycle step that is most critical for meristem maintenance. Identification of the nrpb1-A325V suppressor mutation provides an essential control for the comparative man1-1 transcriptome analysis.
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